The MAPK-interacting kinases 1 and 2 (MNK1 and MNK2) are activated by extracellular signal-regulated kinases 1 and 2 (ERK1/2) or p38 in response to cellular stress and extracellular stimuli that include growth factors, cytokines, and hormones. Modulation of MNK activity affects translation of mRNAs involved in the cell cycle, cancer progression, and cell survival. However, the mechanism by which MNK selectively affects translation of these mRNAs is not understood. MNK binds eukaryotic translation initiation factor 4G (eIF4G) and phosphorylates the cap-binding protein eIF4E. Using a cell-free translation system from rabbit reticulocytes programmed with mRNAs containing different 5-ends, we show that an MNK inhibitor, CGP57380, affects translation of only those mRNAs that contain both a cap and a hairpin in the 5-UTR. Similarly, a  C-terminal fragment of human eIF4G-1, eIF4G(1357-1600) , which prevents binding of MNK to intact eIF4G, reduces eIF4E phosphorylation and inhibits translation of only capped and hairpin-containing mRNAs. Analysis of proteins bound to m 7 GTP-Sepharose reveals that both CGP and eIF4G(1357-1600) decrease binding of eIF4E to eIF4G. These data suggest that MNK stimulates translation only of mRNAs containing both a cap and 5-terminal RNA duplex via eIF4E phosphorylation, thereby enhancing the coupled cap-binding and RNA-unwinding activities of eIF4F.
The rate of translational initiation in eukaryotic cells depends on both cis-acting features of individual mRNAs, such as the cap, poly(A) tract, and untranslated regions (UTRs), and trans-acting components, such as initiation factors, protein kinases, and microRNAs (1) (2) (3) . The recruitment of capped mRNAs to 48S initiation complexes involves several discrete steps that include cap recognition by eukaryotic translation initiation factor 4E (eIF4E), 3 mRNA binding by eIF4G, ATP-de-pendent unwinding of 5Ј-terminal secondary structure by the helicase eIF4A in concert with eIF4B and eIF4H, recognition of the 3Ј-terminal poly(A) tract by poly(A)-binding protein (PABP), and binding of eIF4G to the 40S ribosomal subunit through eIF3. Both the primary and secondary structure of the 5Ј-UTR are capable of modulating translational efficiency (4, 5) . mRNAs containing short 5Ј-UTRs with little secondary structure or terminal oligopyrimidine tracts are more efficiently translated under normal conditions with a limited level of eIF4E. Translational efficiency is diminished in mRNAs containing long, GϩC-rich, and highly structured 5Ј-UTRs because of the necessity for energy-dependent unwinding prior to start codon recognition (6) . Translation of these mRNAs requires high levels of eIF4F, the complex of eIF4E, eIF4A, and eIF4G (3, 7) . The availability of eIF4E to enter the eIF4F complex is regulated by the PI3K/Akt/mTOR signaling cascade; eIF4E is sequestered by binding to the 4E-BPs, but activation of the mTOR kinase causes phosphorylation of the 4E-BPs and release of eIF4E (8, 9) .
The activity of eIF4E can be also regulated by phosphorylation via the mitogen-activated protein kinase-interacting kinases 1 and 2 (MNK1 and -2) (10) , which are activated in response to MAPK or stress signaling via ERK1/2 and p38 (10, 11) . MNK phosphorylates eIF4E at a single site (Ser-209 in the human protein (12, 13) ), and phosphorylation is greatly enhanced when MNK is bound to eIF4G (14, 15) . Phosphorylation of eIF4E reduces its affinity for the cap structure (16, 17) . There are numerous studies showing positive correlations between eIF4E phosphorylation and increased protein synthesis (18) , cell cycle progression (19) , cell proliferation (19, 20) , tumorigenesis (21) (22) (23) , cell hypertrophy (24) , transformation (25) , and metastasis (26) (also reviewed in Ref. 27 ). The oncogenic effect of eIF4E overexpression in mouse models of lymphoma (28) and prostate cancer (22) is strictly dependent on the phosphorylation status of eIF4E. Activation of MNK contributes to cell proliferation, transformation, and metastasis (25, 26) ; growth and survival during cancer development (19, 29 -33) ; or serum deprivation (34, 35) and also contributes to cancer chemoresistance (36, 37) (also reviewed in Ref. 38) .
Despite the fact that deletion of both MNK genes does not affect mouse development (39) , MNK1/2 deficiency and lack of phosphorylation of eIF4E delay tumor development in a PTENnull background (30) and inhibit cell growth, invasion, and migration while inducing apoptosis in breast cancer cells (40) .
It has been suggested that MNK affects cellular processes by three different mechanisms: 1) regulation of mRNA translation, 2) nucleo-cytoplasmic transport of mRNA, and 3) stability of mRNA (reviewed in Refs. 41 and 42) . Recently, a fourth role of MNK, translocating phosphorylated eIF4E to specific sites of local translation, has been suggested (43, 44) . Stimulation of neuronal cells with BDNF activates MNK, leading to phosphorylation of eIF4E; translocation of eIF4E into dendritic mRNA granules; and translational activation of synaptoneurosomal Arc, ␣CaMKII, PKM-, calmodulin, and BDNF mRNAs.
The question of mRNA-specific translational control by MNK has been examined by overexpression of constitutively active MNK, but the results depend on the cell type used. Overexpression of constitutively active MNK1/2 in human embryonic kidney 293 cells inhibited cap-dependent while stimulating IRES-driven translation (45) , but overexpression of constitutively active MNK1 in T-cells stimulated translation of RFLAT-1 mRNA, which contains GC-rich 5Ј-UTR and whose translational efficiency is dependent on the level of eIF4E, suggesting a cap-dependent mechanism (46) . Another study in Aplysia neurons indicated that both cap-and IRES-dependent translation were inhibited by overexpression of either wild-type or constitutively active MNK (47, 48) . In adult cardiocytes, overexpression of wild-type MNK1 stimulated translation of mRNA, regardless of the presence of secondary structure in the 5Ј-UTR (49) . In diffuse large B-cell lymphoma cells, modulation of MNK1/2 activity differentially affects mRNAs that utilize eIF4E1versus eIF4E3-driven translation on the basis of a 5Ј-UTR motif (50) . In breast carcinoma (MDA-MB-435) cells, ␣6␤4-integrin-dependent activation of MNK stimulates translation of VEGF mRNA, which contains a long, highly structured 5Ј-UTR, but not GAPDH mRNA, which contains a short 5Ј-UTR with little secondary structure (35) .
As the foregoing findings indicate, it is difficult to determine how MNK affects translation per se in whole-cell studies because 1) MNK affects multiple mRNA-related processes (nucleo-cytoplasmic transport, stability, subcellular site of translation, etc.), 2) different cell types give different results, and 3) structural features of mRNA appear to affect susceptibility to MNK. We have therefore utilized a rabbit reticulocyte cell-free system to investigate whether any effect of MNK on translation is dependent on 5Ј-terminal structures in mRNA. We show that inhibition of eIF4E phosphorylation, whether by use of a kinase inhibitor or by use of an eIF4G fragment that prevents MNK binding to full-length eIF4G, affects translation of only mRNAs that contain both a cap and 5Ј-terminal hairpin loop. Moreover, the kinase inhibitor did not affect translation if the eIF4G was proteolytically cleaved to separate the eIF4Ebinding from the MNK-binding domains, supporting the idea that MNK-regulated translation requires the protein that binds the cap (eIF4E) and the protein that unwinds the hairpin (eIF4A) to be present in the same molecular complex. Finally, the composition of the eIF4F complex changes in the presence of MNK inhibitors, suggesting that MNK regulates cap-dependent translation by altering interactions among eIF4F components.
Experimental Procedures
Materials-The MNK inhibitor CGP57380 (CGP) was provided by Novartis Pharma AG (Basel, Switzerland) and was stored as a 10 mM stock solution in 100% DMSO (MP Biomedicals, LLC); for all experiments in which CGP was added to translation reactions, results were normalized by comparison with control reaction mixtures containing DMSO at the same dilution. Nickel-nitrilotriacetic acid-agarose was purchased from Qiagen. Econo-Pac 10 DG disposable chromatography columns and the protein assay kit were obtained from Bio-Rad. m 7 GTP-Sepharose 4B was purchased from Amersham Biosciences. S-protein-agarose was obtained from Novagen. Complete EDTA-free protease inhibitor mixture was from Roche Diagnostics. [ 35 S]Met and [␥-32 P]ATP were from ICN-MP Radiochemicals. The "anti-reverse cap analog" (ARCA) m 2 7,3Ј-O GpppG (51) was a gift from Edward Darzynkiewicz (University of Warsaw). All other reagents were of analytical grade and were purchased from Sigma.
Expression and Purification of Recombinant Proteins-The expression and purification of two fragments of eIF4G-1 (NCBI accession number NP_886553) have been described previously; eIF4G(589 -1600) is aa residues 589 -1600 with an N-terminal tag consisting of thioredoxin, His 6 , and S-peptide (52) , and eIF4G(1357-1600) is similar except with aa residues 1357-1600 (53) . Recombinant human MNK1 and MNK2 were expressed from plasmids pET14-His 6 -Mnk1 and pET14-His 6 -Mnk2, respectively (54) . Human eIF4E with Ser-209 changed to Ala (eIF4E(S209A)) and with Asp (eIF4E(S209D)) were described previously (12, 55) . Human eIF4A dominant negative mutant eIF4A(R362Q) was described previously (56) . Proteins were expressed in Escherichia coli strain BL21(DE3)pLysS (Novagen), purified by nickel-nitrilotriacetic acid-agarose chromatography, and passed over an Econo-Pac 10 DG column to replace the buffer with buffer A (20 mM Tris-HCl, pH 7.5, 100 mM KCl, 10% (v/v) glycerol). Recombinant coxsackievirus 2A protease was expressed and purified as described previously (57) . The concentrations of recombinant proteins were determined with the Bio-Rad protein assay kit based on BSA as a standard.
Synthetic mRNAs-The plasmid (CAA) n -GUS encoding ␤-glucuronidase (GUS) (58, 59) has been described previously. The (CAA) n -GUS plasmid produces mRNA with the 5Ј-end sequence 5Ј-GCAAGAA-(CAA) 19 -CACCAUGG-[GUS], where the start codon is in boldface type. Plasmids (CAA) n -Stem-GUS containing hairpin insertions in the (CAA) n -GUS construct. (CAA) n -Stem-GUS plasmids have the generic structure 5Ј-G(CAA) 14 -STEM-(CAA) 4 CCAUGG . . . [GUS], in which there is a defined GC-rich hairpin ("STEM") inserted in the 5Ј-UTR after 43 unstructured nucleotides (59) . Four hairpins with varying stability were inserted to make 5Ј-(CAA) n -Stem1-GUS (hairpin stability, Ϫ5.5 kcal/mol), 5Ј-(CAA) n -Stem2-GUS (Ϫ13.1 kcal/mol), 5Ј-(CAA) n -Stem3-GUS (Ϫ18.9 kcal/mol), and 5Ј-(CAA) n -Stem4-GUS (Ϫ27.6 kcal/mol). Stabilities were predicted using Mfold version 3.0 (60). RNA was synthesized by transcribing plasmids with T7 RNA polymerase (61) . Capped mRNAs were produced by lowering the GTP concentration from 0.5 to 0.1 mM and including the ARCA at 1 mM (62) , which prevents the cap from being incorporated in the reverse orientation (51) . The plasmid pCITE-Luc was used to synthesize firefly luciferase mRNA containing the EMCV IRES upstream of the coding region (IRES-Luc) and no poly(A) tract (63) . RNA was purified with an RNeasy minikit (Qiagen) using the manufacturer's protocol. The concentrations of RNAs were determined spectrophotometrically.
In Vitro Translation-Rabbit reticulocyte lysate (RRL) treated with micrococcal nuclease (Promega) was used for in vitro translation reactions according to the manufacturer's protocol. Reaction mixtures supplemented with [ 35 S]Met contained mRNA at 2 g/ml and were incubated for 25 min at 30°C, over which period the rate of protein syntheses was constant. GUS synthesis was measured by incorporation of [ 35 S]Met and detection with a Storm 860 PhosphorImager (GE Healthcare) or by autoradiography. In the experiment with eIF4A(R362Q), 15-l translation reactions supplemented with [ 35 S]Met were preincubated at 30°C for 10 min with or without eIF4A(R362Q), followed by the addition of 0.2 g of mRNA and further incubation for 60 min. Samples were analyzed by SDS-PAGE and subsequent autoradiography. Luciferase synthesis from the IRES-Luc mRNA was measured by detection of enzymatic activity with a Monolight 2010 luminometer. In some experiments, the system was made cap-independent by incubating RRL with recombinant coxsackievirus 2A protease (50 g/ml for 30 min at 4°C) before the start of translation (57) . To monitor eIF4E phosphorylation, translation reactions were incubated with [␥-32 P]ATP at 30°C for the indicated periods of time and analyzed by either SDS-PAGE followed by Phosphor-Imager detection or Western blotting with anti-eIF4E antibodies. To determine statistical significance, data were analyzed by Student's t test; p Ͻ 0.05 was considered to represent statistical significance.
Protein Binding to m 7 GTP-Sepharose-Translation reactions (10 l) containing 1 M CGP, 10 M eIF4G(1357-1600), or 0.01% DMSO were incubated at 30°C for 30 min and then combined with 20 l of m 7 GTP-Sepharose (50% slurry in buffer A supplemented with 0.05% Tween 20). After a 2-h incubation at 4°C with rotation, the resin was washed three times with 200-l aliquots of buffer B (20 mM Tris-HCl, 150 mM KCl, 0.05% Tween 20, 10% (v/v) glycerol, pH 7.5). Proteins were eluted in 20 l of SDS loading buffer and analyzed by Western blotting.
Protein Binding to S-protein-Agarose-Reactions containing eIF4G(589 -1600) and either eIF4E(S209A) or eIF4E(S209D), all at 50 nM, were mixed with increasing amounts of MNK1 or MNK2 (0, 25, 50, or 100 nM) and then combined with 20 l of S-protein-agarose (50% slurry in buffer A plus 0.2 mg/ml BSA and 0.05% Tween 20). Incubation, washing, and elution were performed as for m 7 -GTP-Sepharose.
Immunologic Procedures-Western blotting was performed on translation or binding reactions by SDS-PAGE on 10 or 12% gels and transfer to nitrocellulose membranes (Bio-Rad) using a Mini Trans-Blot cell (Bio-Rad) (64) . Rabbit anti-human eIF4G-1 (anti-peptide 7) antibodies were produced as described previously (65) . Antibodies against MNK1 and 4E-BP1 were purchased from Cell Signaling Technology, Inc. Antibodies against MNK2 were purchased from Santa Cruz Biotechnology, Inc. Membranes were incubated with a 1:1000 dilution of primary antibodies in buffer C (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20) containing 3% BSA overnight at 4°C, washed three times for 10 min with buffer C, and incubated for 45 min at room temperature with secondary antibodies conjugated with either alkaline phosphatase (to detect eIF4G and eIF4E) or horseradish peroxidase (to detect MNK1, MNK2, and 4E-BP1) (Vector Laboratories, Inc.) at a dilution of 1:1000 in 5% milk proteins in buffer C. The eIF4G and eIF4E blots were developed with the nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate color development reagents (Promega). The MNK1, MNK2, and 4E-BP1 blots were developed with the ECLϩ Western blotting development kit (Amersham Biosciences).
Results

CGP Inhibits de Novo Phosphorylation of eIF4E in Translation Reactions-
We first monitored the phosphorylation status of eIF4E in translation reactions containing [␥-32 P]ATP ( Fig.  1A, top) . We observed increasing 32 P incorporation into eIF4E after 10, 25, 45, and 60 min of incubation. These results indicate that RRL contains active MNK capable of phosphorylating eIF4E. eIF4E phosphorylation increased steadily but began to plateau by 60 min (Fig. 1A, bottom) . We chose a 25-min time point for subsequent experiments because the rate of protein syntheses was constant over this period (data not shown). The [ 32 P]eIF4E level was 66 Ϯ 10% of maximum at 25 min.
Next, we investigated the effect of increasing CGP on in vitro phosphorylation of eIF4E ( Fig. 1B) . CGP inhibited 32 P incorporation into eIF4E in a dose-response manner, the maximum inhibition being observed at 1000 nM CGP (54 Ϯ 5% of DMSO alone). Because MNK is the only known physiological kinase for eIF4E (39) , this shows that CGP inhibits MNK in RRL.
Translation of mRNA Containing Hairpin Depends on the eIF4A Activity-To choose an mRNA construct suitable for our study, we first investigated translation of several mRNAs with or without hairpins in their 5Ј-UTRs and encoding GUS. One mRNA, (CAA) n -GUS, has a 5Ј-UTR lacking secondary structure and consists of the sequence 5Ј-GCAAGAA-(CAA) 19 -CACCAUGG-[GUS], in which the start codon is in boldface type ( Fig. 2A) . The single-stranded conformation of the (CAA) n sequence has been established by enzymatic probing (66) . Four other mRNAs, (CAA) n -Stem-GUS, contain GC-rich stems with stabilities ranging from Ϫ5.5 to Ϫ27.6 kcal/mol and flanked by CAA repeats ( Fig. 2A ). Introduction of GC-rich hairpins of increasing stability progressively inhibited translation of GUS mRNA (Fig. 2B, compare lanes 3, 5, 7 , and 9 with lane 1). Previously, it was shown in a reconstituted translation system that 48S initiation complex assembly on these mRNAs requires the presence of eIF4F, eIF4A, and eIF4B (59), indicating the importance of 5Ј-UTR unwinding for translation of these mRNAs. In agreement with this, preincubation of the RRL with the dominant negative mutant eIF4A(R362Q) inhibited translation of the hairpin-containing mRNAs ( For subsequent experiments, we chose (CAA) n -Stem2-GUS mRNA (⌬G ϭ Ϫ13.1 kcal/mol). This choice was based on two observations: (i) mRNA with stem 2 was more efficiently translated than those with stronger hairpins (stems 3 and 4 with ⌬G ϭ Ϫ18.9 and Ϫ27.6 kcal/mol, respectively) ( Fig. 2B , compare lane 7 with lanes 3 and 9), and (ii) mRNA with stem 2 was more dependent on the eIF4F helicase activity than those without a hairpin or a weaker hairpin (stem 1; ⌬G ϭ Ϫ5.5 kcal/mol) ( Fig. 2B, compare lane 8 with lanes 2 and 6) .
CGP Inhibits Translation of Only Capped mRNA with 5Ј-Hairpin-To investigate effect of cap and hairpin structure on the regulation of translation by MNK, we measured the translation of mRNAs that differ in the presence or absence of a cap and hairpin structure in the 5Ј-UTR (Fig. 3A) . The unc-GUS mRNA is uncapped (CAA) n -GUS mRNA encoding GUS (the in vitro transcription reaction in the absence of an ARCA produces mRNA with a 5Ј-triphosphate). The unc-SL-GUS mRNA is also uncapped but contains a stem 2 structure in the 5Ј-UTR with stability of Ϫ13.1 kcal/mol ((CAA) n -Stem2-GUS mRNA, Fig. 2A) . The cap-GUS mRNA has a cap structure and an unstructured 5Ј-UTR. Finally, cap-SL-GUS mRNA contains both a cap structure and the stem-loop stability of Ϫ13.1 kcal/ mol. The fifth mRNA was used for IRES-driven translation and consisted of the EMCV IRES followed by the firefly luciferase (Luc) coding region.
The effect of a stem-loop structure on the regulation of translation by MNK was investigated by comparing translation of cap-SL-GUS with cap-GUS mRNA in the presence or absence of increasing amounts of CGP (Fig. 3, B and C) . CGP inhibited translation of cap-SL-GUS in a dose-dependent manner ( Fig. 3 , B (lanes 6 -10) and C (gray bars)) but not translation of cap-GUS mRNA ( Fig. 3, B (lanes 1-5) and C (open bars)). Because eIF4F/4A/4B are required for formation of a functional 48S complex at the initiation codon for GUS mRNA that contains a 1 and 2) or mRNAs containing stems 1-4 (lanes 3-10) in the absence (lanes 1, 3, 5 , 7, and 9) or presence of eIF4A(R362Q) (lanes 2, 4, 6, 8, and 10). stem 2 in the 5Ј-UTR (59) and also translation of this mRNA is inhibited by the dominant negative mutant eIF4A(R362Q) (Fig.  2B, lanes 7 and 8) , we interpret these findings to mean that MNK stimulates the helicase activity of eIF4F. It follows that translation of mRNA requiring this helicase activity is diminished when MNK is inhibited by CGP.
The effect of a cap on the regulation of translation by MNK was investigated by comparing unc-GUS and unc-SL-GUS mRNAs in the RRL system (Fig. 4, A and B) . CGP did not affect translation of either uncapped mRNA ( Fig. 4, A (lanes 1-5 and  6 -10) and B (open and black bars)) over the same concentration range where cap-SL-GUS translation was inhibited ( Fig. 4,  A (lanes 11-15) and B (gray bars)).
The foregoing experiments show that eIF4E phosphorylation is important for translation of an mRNA containing both a cap and a 5Ј-terminal hairpin that was previously demonstrated to require the helicase activity of eIF4F (Fig. 2B) . Another way to test the requirement for a cap in MNK action is with the EMCV IRES, which confers efficient initiation of translation without a cap (67) yet requires the unwinding activity of eIF4F (7, 68) . We found that CGP fails to inhibit translation of IRES-Luc mRNA (Fig. 4C ). This provides further evidence that an mRNA must be capped for MNK to exert an effect on its translation.
CGP Does Not Interfere with Cap Binding by eIF4E per se-One hypothesis to explain the observation that CGP inhibits translation of cap-SL-GUS but not cap-GUS mRNA (Fig. 3, B and C) is that (i) cap-GUS mRNA translation does not require cap recognition by eIF4E, (ii) cap-SL-GUS mRNA does require cap recognition by eIF4E, and (iii) CGP inhibits the cap-eIF4E interaction. We ruled this out by adding m 7 GTP, which competes with capped mRNA for binding to eIF4E (69) and eIF4F (70) . Translation of both cap-GUS and cap-SL-GUS mRNA was inhibited ϳ50% by 5 M m 7 GTP (Fig. 5A ). However, in the same translation experiment, cap-SL-GUS but not cap-GUS mRNA was inhibited by 0.1 M CGP (Fig. 5B) . Thus, cap-GUS mRNA translation requires cap binding by eIF4E, so the failure of CGP to inhibit cap-GUS mRNA translation is not caused by it blocking the eIF4E-cap interaction. FEBRUARY 12, 2016 • VOLUME 291 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 3459 eIF4F Integrity Is Required for the Effect of CGP on Translation-The foregoing results indicate that both a cap and a 5Ј-terminal stem-loop are required for inhibition of translation by CGP. The cap is recognized by eIF4E, whereas secondary structure is unwound in an ATP-dependent manner by eIF4A, both of which have specific and high affinity binding sites on eIF4G (71-74) (Fig. 6A ). Coxsackievirus 2A protease cleaves eIF4G at a single peptide bond that causes separation of the N-terminal one-third of eIF4G containing the eIF4E-binding site from the C-terminal two-thirds of eIF4G containing the two eIF4A-binding sites (57) (Fig. 6A, arrow) . The C-terminal fragment also binds eIF3, mRNA, and MNK, serving as capindependent "ribosome recruitment core" (14, 57, 75) (Fig. 6A) . To test whether inhibition of cap-SL-GUS mRNA translation by CGP requires eIF4E and eIF4A to be functionally linked through eIF4G, we pretreated RRL with recombinant coxsackievirus 2A protease. Under these conditions, most of the eIF4G is cleaved (Fig. 6B) . The multiple bands of uncleaved eIF4G are due to alternative translation initiation sites on eIF4G-1 mRNA (76, 77) . After eIF4G cleavage, CGP did not inhibit the translation of either cap-SL-GUS or cap-GUS mRNAs (Fig. 6C ). This result indicates that CGP does not affect helicase-dependent translation per se. We know this because RNA unwinding is needed for translation of mRNA containing stem 2 (Fig. 2B) ; after eIF4G cleavage, this is carried out by the C-terminal twothirds of eIF4G in complex with eIF4A, yet cap-SL-GUS mRNA translation is not affected by CGP (Fig. 6C ). This means that the CGP-inhibitory effect requires intact eIF4G. Based on these results, we propose that CGP targets the coordinated action of eIF4E and eIF4A, in complex with eIF4G, to catalyze initiation of an mRNA containing a cap (requiring eIF4E) and a 5Ј-terminal stem-loop (requiring eIF4A-eIF4G) but does not target the actions of eIF4E or eIF4A-eIF4G individually.
Selective Effect of MNK on mRNA Translation
Preventing MNK Binding to eIF4G Inhibits eIF4E Phosphorylation and Translation Only of mRNA Containing Both a Cap and a 5Ј-Terminal Hairpin-Although CGP inhibits MNK activity with high specificity, other kinases are also inhibited by CGP, albeit with lower selectivity (78 -80) . We therefore took a second approach to inhibit eIF4E phosphorylation that did not involve CGP. We generated a recombinant fragment of human eIF4G-1 containing the MNK-binding site, eIF4G(1357-1600) (Fig. 6A ). This fragment would be expected to compete with full-length eIF4G for binding to MNK and thus specifically inhibit eIF4E phosphorylation by MNK, because eIF4E phosphorylation is more efficient when MNK is bound to eIF4G (14, 15) . As a control, we used the N-terminal tag present on all eIF4G fragments, thioredoxin-His 6 -S-peptide (T-H-S) (Fig.  6A ). We first determined the effect of eIF4G(1357-1600) and the T-H-S on the phosphorylation of eIF4E. eIF4G(1357-1600) but not the T-H-S reduces incorporation of [ 32 P] into eIF4E by ϳ50% (Fig. 7A ). This indicates that eIF4G(1357-1600) inhibits MNK activity during translation, similar to CGP.
Translation of cap-SL-GUS mRNA was inhibited in a dosedependent manner by eIF4G(1357-1600) ( Fig. 7, B (lanes  6 -10) and C (gray bars)), but translation of cap-GUS mRNA was unaffected ( Fig. 7, B (lanes 1-5) and C (open bars)). Equimolar concentrations of the T-H-S failed to inhibit translation of cap-SL-GUS mRNA (Fig. 7, B (lanes 11-15) and C (solid black bars)). Thus, preventing eIF4E phosphorylation with either CGP (Fig. 3, B and C) or eIF4G(1357-1600) (Fig. 7,  B and C) has the same effect: inhibition of cap-SL-GUS but not cap-GUS mRNA translation.
We next investigated the effect of eIF4G(1357-1600) on translation of IRES-Luc mRNA. Neither eIF4G(1357-1600) nor T-H-S inhibited translation of EMCV IRES-Luc (Fig. 7D) . This was the same result obtained with CGP ( Fig. 4C) . Thus, both reagents that prevent eIF4E phosphorylation, the kinase inhibitor CGP and the interfering eIF4G fragment eIF4G (1357-1600), affect translation of only mRNA containing both cap and 5Ј-terminal hairpin.
eIF4E Phosphorylation Enhances Its Binding to eIF4G-One possible mechanism by which eIF4E phosphorylation may enhance translation of cap-SL-GUS mRNA is by more efficient assembly of the eIF4F complex, which carries out cap-dependent unwinding of mRNA (81) . Knockdown of protein phosphatase PP2A in human lung cancer cells increases both phosphorylation of eIF4E and retention of eIF4G on m 7 GTP- Sepharose (82) . Furthermore, treatment of these cells with CGP diminishes eIF4G binding to m 7 GTP-Sepharose (82) . Both observations suggest that eIF4E phosphorylation promotes eIF4F assembly. We tested this in the simpler cell-free translation system. Both CGP (Fig. 8A, lane 2) and eIF4G(1357-1600) (lane 3) decreased the amount of eIF4G retained on m 7 GTP-Sepharose, supporting this model. Interestingly, there was no decrease in 4E-BP1 retention on m 7 GTP-Sepharose, although eIF4G and 4E-BP1 bind to nearly the same site on the dorsal side of eIF4E (83) .
MNK Binding to eIF4G per se Does Not Affect eIF4G Binding to eIF4E-Because both eIF4E and MNK bind to eIF4G (Fig.  6A) , it is conceivable that MNK increases eIF4E binding to eIF4G through a mechanism not involving eIF4E phosphorylation (e.g. by altering eIF4G conformation). To investigate the relationship between phosphorylation of eIF4E and its binding to eIF4G, we incubated the S-tagged eIF4G(589 -1600) fragment, which contains the eIF4E-binding site (see Fig. 6A ), with an equimolar concentration of either eIF4E(S209A) or eIF4E(S209D) in the presence of increasing amounts of recombinant MNK1 (Fig. 9A) or MNK2 (Fig. 9B) and then captured the eIF4G-bound complexes on S-protein-agarose. In the absence of MNK, there was no difference in eIF4G binding to either eIF4E phosphorylation mutant (lanes 1 and 5) . The amount of eIF4E(S209A) (lanes 1-4) and eIF4E(S209D) lanes 5-8) bound to S-tagged eIF4G(589 - FEBRUARY 12, 2016 • VOLUME 291 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 3461 1600) did not significantly change as either MNK1 or MNK2 was increased up to a 2-fold molar excess over eIF4E and eIF4G. These results indicate that MNK binding to eIF4G in the absence of eIF4E phosphorylation does not increase eIF4E binding to eIF4G.
Discussion
Activation of MNK occurs in response to growth factors, cellular stress, and cytokines. One mechanism by which MNK alters cell fate is by altering the translation of specific mRNAs. To date, there have been numerous mRNAs identified as translationally regulated targets of MNK, including those encoding cytokines IL-17 (32) and pro-inflammatory TNF␣ (79), the anti-apoptotic protein Mcl-1 (28), ribosomal proteins S19 and L32 (19) , proteins involved in cell proliferation (CDK2, CDK8, CDK9, HIF-1␣, KAP1, proliferating cell nuclear antigen, PIAS1, and RASSF1 (19)), proteins involved in cell cycle progression (cyclins A, B, D1, and D3 (19, 78) ), cancer-related proteins (HER2 (21), VEGF (35) , and IRF-1 (84)), transcription factors (RFLAT-1 (46), CHOP (85), and ␤-catenin (25)), and neuronal proteins (Arc, ␣CaMKII, PKM-, calmodulin, BDNF (86) , and PEM1 (20) ). Translation of many of these mRNAs is also responsive to eIF4E levels, indicating a cap-and eIF4E-dependent mechanism of translation: HIF-1␣ (19) , HER2 (21), Mcl-1 (28) , cyclin D1 (87, 78) , VEGF (88), RFLAT-1 (46), ␤-catenin (25) , and Arc (86) . Recently, ribosomal profiling of IL-6-stimulated multiple myeloma cells revealed more than 160 mRNA targets that were translationally inhibited by expression of the phosphodefective eIF4E variant eIF4E(S209A) (89) . The fact that their inhibition was abolished by overexpression of wild-type eIF4E indicates a cap-dependent mechanism of translation (89) .
The purpose of our study was to understand the mechanism underlying these MNK-dependent effects on translation by investigating different mRNA structural features. Our use of a cell-free translation system allowed us to study effects of MNK on translation per se without complications of mRNA export from the nucleus, localized translation, mRNA stability, changes in MNK1/2 levels due to nucleo-cytoplasmic transport, phosphorylation by MNK of nuclear targets (hnRNPA1 and PSF), and down-regulation of eIF4E levels by MNK, all of which are MNK-dependent events other than translation (see Introduction). Our use of reticulocyte lysate pretreated with micrococcal nuclease eliminated competition of exogenous mRNA with cellular mRNAs. We found that CGP efficiently inhibits the activity of MNK in RRL, and inhibition of MNK by CGP or eIF4G(1357-1600) affects translation of only mRNAs that contain both a cap and a stem-loop in their 5Ј-UTR. Our data contrast with another in vitro study that showed no difference between wild-type eIF4E and two phosphorylation site variants, eIF4E(S209D) and eIF4E(S209A), for translation of capped luciferase mRNA containing a stem-loop in the 5Ј-UTR (55). To understand this disparity, it is important to note two differences between the work of McKendrick et al. (55) and the current study. First, the activity of MNK was not altered in the earlier study. Second, McKendrick et al. (55) used a longer stem-loop (⌬G ϭ Ϫ21.3 kcal/mol) that inhibited translation more than 20-fold, whereas ours (⌬G ϭ Ϫ13.1 kcal/mol) inhibited translation Ͻ1.5-fold. The increase in RNA unwinding activity by eIF4F caused by MNK phosphorylation of eIF4E is apparently insufficient to overcome such severe inhibition of translation.
We did not observe an inhibitory effect of either CGP or eIF4G(1357-1600) on IRES-driven translation. This contrasts with several previous studies in whole cells in which either MNK was overexpressed (45, 47) or the signaling cascade leading to its activation was inhibited with rapamycin (90) . Interpreting these studies with respect to an effect on translation per se is complicated by the ability of MNK to shuttle between the nucleus and cytoplasm and also to phosphorylate hnRNPA1 and PSF (91, 92) , which are RNA-binding proteins that could potentially affect IRES-driven translation. An additional, recently identified MNK target, the Ser/Arg-rich protein kinase, is involved in mRNA splicing, export, stability, and translational initiation of type I picornovirus IRESs (93, 94) ; Ser/Arg-rich protein kinase phosphorylation could potentially account for MNK-related differences in IRES-driven translation between whole-cell and cell-free systems.
We found that translational sensitivity of mRNA containing a cap and 5Ј stem-loop to MNK activity requires intact eIF4F, because cleavage of eIF4G with coxsackievirus 2A protease abrogates the inhibitory effect of CGP. It has been suggested that phosphorylation of eIF4E by MNK increases translational initiation by stimulating the release of eIF4F from capped mRNA (16) or by inhibiting the rebinding of eIF4F to the cap (17) , the idea being that once mRNA is recruited to eIF4F, release of the cap is needed before scanning to the initiation codon can occur. This model is based on the fact that phosphorylation of eIF4E reduces its affinity for the cap, although the mechanism is controversial, one group claiming an increase of k off (16) and another claiming a decrease in k on (17) . This model predicts that inhibiting MNK would inhibit eIF4E-and cap-dependent translation. However, we did not observe translational inhibition by either CGP or eIF4G(1357-1600) of mRNA containing a cap but no 5Ј-UTR secondary structure, although initiation of this mRNA was shown to be cap-dependent based on its inhibition by m 7 GTP. Rather, these MNK inhibitors affected translation of only mRNA containing a cap and 5Ј stem-loop, which requires both the cap recognition and unwinding activities of eIF4F. We conclude that inhibition of MNK affects the coupled cap recognition and RNA-unwinding activities of eIF4F.
We hypothesize that MNK affects eIF4F assembly. In support of this idea, the current study and those of others have shown that modulation of MNK activity affects the amount of eIF4G bound to eIF4E ( Fig. 8 and Refs. 44, 82, and 86) . It also affects co-immunoprecipitation of phospho-eIF4E with MNK, which presumably reflects the presence of both entities in a complex with eIF4G (89) . However, there are several studies showing no effect of inhibition of MNK activity on the level of eIF4G bound to eIF4E in cells (19, 45, 78, 95) . These discrepancies could be due to different degrees of MNK inactivation and/or higher cellular levels of eIF4G compared with eIF4E. It was also shown that MNK activity may contribute to the phosphorylation of 4E-BP1 (96) and 4E-BP2 (44) and thereby affect eIF4F assembly. Moreover, inhibition of MNK activity with CGP increased binding of eIF4E to 4E-BP1 on m 7 GTP-Sepharose in glioma cells (96) . However, we failed to observe any effect FEBRUARY 12, 2016 • VOLUME 291 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 3463 of CGP on retention of 4E-BP1 on m 7 GTP-Sepharose (Fig. 8A ) or the level of 4E-BP1 phosphorylation in RRL (data not shown), suggesting that MNK effects on eIF4F assembly are not due to 4E-BP1 in our system.
Selective Effect of MNK on mRNA Translation
It was recently suggested that phosphorylation of eIF4E itself stimulates association of eIF4E with eIF4G, based on the positive correlation between eIF4E phosphorylation and increased eIF4F formation (97) and the observation that phosphorylated eIF4E has lower affinity for 4E-BP1 (98) . In the present study, we did not observe a difference in binding of recombinant eIF4G to either eIF4E(S209A) or eIF4E(S209D), suggesting that phosphorylation of eIF4E per se does not modulate its binding to eIF4G. It is conceivable that binding of MNK to eIF4G induces a conformational change in eIF4G that promotes its binding to eIF4E. However, we failed to observe any changes in eIF4G and eIF4E binding in the presence of a 2-fold molar excess of inactive MNK over eIF4G and eIF4E ( Fig. 9 ). It was shown that MNK binding to eIF4G is regulated not only by MNK activation status but also by phosphorylation of substrates, binding to ATP analogs, the presence of RNA, and phosphorylation of eIF4G (15, 53, 99, 100 -104) . Any of these events could conceivably induce conformational changes in eIF4G that promote the formation of eIF4F.
Two of the best studied signal transduction pathways regulating translational initiation are the MNK/eIF4E and mTOR/ 4E-BP1 pathways, which act through different mechanisms. Considering that activation of both pathways increases assembly of eIF4F, one might expect the consequences of these two mechanisms to be the same. However, in prostate cancer cells, rapamycin and CGP inhibit different spectra of cyclin mRNAs (19) . Also, the combination of inhibitors suppressing the mTOR/4E-BP1 and MNK/eIF4E pathways triggers apoptosis in cutaneous lymphomas (105) , reduces glioblastoma growth (96) , and suppresses proliferation and induces apoptosis in leukemia cells (106) , but this does not occur with either inhibitor separately. These results suggest that the MNK/eIF4E and mTOR/ 4E-BP1 pathways affect the translation of different spectra of mRNAs, despite the fact that they both increase eIF4F assembly.
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